Zonula occludens-2 (ZO-2) is a tight junction (TJ) cytoplasmic protein, whose localization varies according to cell density and Ca 2+ in the media. In cells cultured in low calcium (LC), ZO-2 displays a diffuse cytoplasmic distribution, but activation of the Ca 2+ sensing receptor (CaSR) with Gd 3+ triggers the appearance of ZO-2 at the cell borders. CaSR downstream signaling involves activation of protein kinase C, which phosphorylates and activates with no lysine kinase-4 that phosphorylates ZO-2 inducing its concentration at TJs. In LC, ZO-2 is protected from degradation by association to 14-3-3 proteins. When monolayers are transferred to normal calcium, the complexes ZO-2/14-3-3ζ and ZO-2/14-3-3σ move to the cell borders and dissociate. The 14-3-3 proteins are then degraded in proteosomes, whereas ZO-2 integrates to TJs. From the plasma membrane residual ZO-2 is endocyted and degradaded in lysosomes. The unique region 2 of ZO-2, and S261 located within a nuclear localization signal, are critical for the interaction with 14-3-3 ζ and σ and for the efficient nuclear importation of ZO-2. These results explain the molecular mechanism through which extracellular Ca 2+ triggers the appearance of ZO-2 at TJs in epithelial cells and reveal the novel interaction between ZO-2 and 14-3-3 proteins, which is critical for ZO-2 protection and intracellular traffic.
INTRODUCTION
Tight junctions (TJs) are cell-cell adhesion structures present at the upper portion of the lateral membrane of epithelial cells, which regulate the transit of ions and molecules through the paracellular space and maintain the polarized distribution of proteins and lipids between the apical and basolateral membranes (Mandel et al., 1993) . TJs are composed of a complex group of proteins including Monitoring Editor Asma Nusrat University of Michigan transmembrane proteins such as claudins, junctional adhesion molecules, occludin, tricellulin and marvel-D3, and a vast array of cytoplasmic proteins that link the integral TJ proteins to the actomyosin cytoskeleton (Gonzalez-Mariscal, 2016a,b) .
Zonula occludens-2 (ZO-2) is a cytoplasmic TJ protein of the MAGUK protein family ) whose subcellular localization varies according to the confluence of the culture and the presence of calcium in the incubation media. Thus, in sparse cultures, ZO-2 is present at cell-cell contacts and the nuclei, while in confluent monolayers the protein concentrates at TJs. However, if confluent monolayers are incubated in low calcium (LC) media (1-5 μM), ZO-2 disappears from the cell borders and displays a diffuse cytoplasmic staining (Islas et al., 2002) .
The development of TJs requires the presence of extracellular Ca 2+ (Cereijido et al., 1981; Gonzalez-Mariscal et al., 1990) and this process does not depend on an increase in cytosolic Ca 2+ , as La 3+ that impairs the influx of Ca 2+ when cells are switched from LC to normal calcium (NC, 1.8 mM) media does not affect the sealing of TJs (Contreras et al., 1992) . The hypothesis that Ca 2+ promotes TJ assembly by binding to a receptor molecule in the plasma membrane has been reinforced with the observation that in epithelial cells cultured in LC, the activation of the Ca 2+ sensing receptor (CaSR), a G-protein-coupled receptor that codistributes with βcatenin on the basolateral membrane, induces the appearance of zonula occludens 1 (ZO-1) and occludin at cell-cell contact sites (Jouret et al., 2013) .
The 14-3-3 proteins, whose name makes reference to their migration pattern on two-dimensional DEAE-cellulose chromatography and starch gel electrophoresis, are small adaptor proteins with no enzyme activity that sequester proteins in the cytoplasm (for a review see Obsil and Obsilova, 2011) . In this manner, 14-3-3 proteins prevent the degradation and regulate the intracellular traffic of their target proteins (Basu et al., 2003; Zhao et al., 2007) . The 14-3-3 proteins bind to phosphoserine/phosphothreonine (pSer/pThr) residues in their targets present in the consensus R[S/Φ][+]pSXP or RX[Φ/S][+]pSXP (where pS is a phosphoserine, Φ is an aromatic residue, + is a basic residue, and X is any type of residue, typically Leu, Glu, Ala, and Met) (Yaffe et al., 1997; Rittinger et al., 1999) . In mammals, seven 14-3-3 proteins, denoted as β, ε, η, γ, τ, ζ, and σ, have been identified. These proteins, although encoded by different genes, are commonly referred to as isoforms. The 14-3-3σ preferentially forms homodimers while the rest of the isoforms form both homo-and heterodimers (Wilker et al., 2005) . Mass spectrometry has revealed that ZO-2 binds to 14-3-3 α, γ, ζ (Jin et al., 2004) , θ (Wan et al., 2015) , and σ (Benzinger et al., 2005) isoforms.
Here, we sought to analyze whether the activation of CaSR induces the recruitment of ZO-2 to the cell borders and the downstream signaling pathway involved. Then, we explore how ZO-2 is maintained in the cytoplasm in the LC condition, avoiding proteosomal degradation. Previously, we observed that if a Ca-switch (CS) was done in the presence of cycloheximide, an inhibitor of protein synthesis, the transepithelial electrical resistance (TER) developed, indicating that in the LC condition, TJ components were already synthesized even when TJs were not yet assembled (Gonzalez-Mariscal et al., 1985) . We analyzed whether ZO-2 associates to 14-3-3 proteins in the cytoplasm in the LC condition. Furthermore, we studied the association of ZO-2 with 14-3-3 isoforms σ and ζ and explored whether these interactions shield ZO-2 from degradation and regulate its intracellular traffic. We analyzed isoform 14-3-3σ because its expression is lost in numerous carcinomas (for a review see Khorrami et al., 2017) and is known to restore cell polarity and to trigger the appearance of ZO-1 and E-cadherin at the cell borders of tumor cells (Ling et al., 2010) . Instead, 14-3-3ζ down-regulates 14-3-3σ expression (Xu et al., 2015) , its high abundance is associated with poor prognosis in several cancers (for a review see (Khorrami et al., 2017) ], and it exerts in several systems opposite roles to 14-3-3σ (Yang et al., 2003; Lee and Lozano, 2006; Ling et al., 2010) , including the disruption of epithelial cell polarity (Hurd et al., 2003) .
RESULTS
Movement of ZO-2 from the cytoplasm to the cell borders is triggered by activation of the CaSR/ PKCε/ with no lysine kinase (WNK)4 signaling pathway
We tested whether Gd 3+ , an agonist of CaSR, induced the movement of ZO-2 to the borders of Madin-Darby canine kidney (MDCK) cells cultured in LC media. In monolayers cultured for 24 h in NC media (steady state, SS), ZO-2 is present at the cell borders ( Figure  1A) , while in monolayers cultured in LC media and incubated for 2 h with dimethyl sulfoxide (DMSO) as vehicle, ZO-2 displays a diffuse cytoplasmic distribution ( Figure 1B) . In contrast, activation of CaSR with 100 μM Gd 3+ triggers the appearance of discontinuous stretches of ZO-2 at the borders of cells cultured in LC media ( Figure 1C ).
CaSR signals through Gα i and Gα q/11 subunits (for a review see Gonzalez-Mariscal et al., 2018) and the latter activates phospholipase C that hydrolyzes phosphatidylinositol 4,5-biphosphate to diacylglycerol (DAG) and inositol triphosphate. The latter induces the release of Ca 2+ from the endoplasmic reticulum, while DAG activates conventional and novel PKCs (cPKC, nPKC) (Davis et al., 1985) . Therefore, we tested whether permeable DAG, 1,2-dioctanoyl-snglycerol (DiC8), induced the appearance of ZO-2 at the border of cells cultured in LC, and in addition, we analyzed whether Gd 3+ or DiC8 triggered the assembly at the cell borders of E-cadherin, a transmembrane protein of the adherens junction. We observed that while E-cadherin was not assembled at the cell periphery after Gd 3+ or DiC8 treatment (Supplemental Figure S1 ), 0.5 mM of DiC8 induced the appearance of ZO-2 at cell-cell contacts ( Figure 1E ).
Then, we sought to identify the isoform of PKC involved in this process. Since bryostatin induces a rapid and sustained activation of isozymes δ and ε and only activates cPKCα after 3-4 h followed by down-regulation (Song et al., 2001) , we next incubated MDCK cells cultured in LC with 200 nM bryostatin and after 2 h observed the appearance of ZO-2 at the cell borders ( Figure 1G ), suggesting that either nPKC δ or ε were involved. To further distinguish between these isozymes, cells cultured in LC and preincubated for 30 min with 6 μM röttlerin that inhibits nPKCδ were then incubated for 2 h with Gd 3+ under the continuous presence of röttlerin. Figure 1H shows the appearance of ZO-2 at the cell borders, thus indicating that nPKCδ is not required and that nPKCε can drive ZO-2 arrival to the cell border.
Next, we tested whether treatment with DiC8 increased the serine phosphorylation of ZO-2. For this purpose, we performed a proximity ligation assay (PLA) in monolayers cultured in LC and treated with DiC8 using antibodies against ZO-2 and pSer. Figure 2A shows an increase in red fluorescent dots in DiC8-treated monolayers, in comparison to monolayers maintained in LC medium, and reveals that PKC activation induced the phosphorylation of ZO-2 at serine residues at the same level as that achieved after a CS. To strengthen this observation, we also made an immunoprecipitation assay, observing that after DiC8 treatment, immunoprecipitated ZO-2 is more intensively phosphorylated in serine residues ( Figure 2B ).
Then, we analyzed whether PKC activation increased the phosphorylation of ZO-2 at PKC phosphorylation consensus sites in cells cultured in LC. For this purpose, cells cultured in LC were transfected with HA-cZO-2 and a PLA was done with an antibody against HA and a phospho-(Ser) PKC substrate antibody that binds to a phosphorylated serine present in the consensus recognized by PKC: R/KXpSΦR/K (where X corresponds to any amino acid and Φ to a hydrophobic residue). Figure 2C shows that treatment of cells cultured in LC with DiC8 induces ZO-2 serine phosphorylation by cPKC/nPKC isoforms to the same level obtained with a CS.
In HEK-293 renal cells, CaSR activation and signaling through Gα q/11 promote PKC-mediated phosphorylation and activation of WNK4 (Castaneda-Bueno et al., 2017; Bazua-Valenti et al., 2018) . Hence, we asked whether the appearance of ZO-2 at the cell-cell borders induced by CaSR/Gα q/11 /PKC activation also involved the FIGURE 1: ZO-2 translocates to the cell borders on activation of the CaSR that through the Gα q/11 subunit stimulates PKCε that in turn activates WNK proteins and adenylyl cyclase/AMPK. Monolayers were plated at confluent density and incubated in NC media for 24 h (SS) or for 1 h in NC media and then were transferred to LC for 20 h after which they were treated as indicated in the scheme, with 100 μM Gd 3+ , an agonist of CaSR; 4 μM WNK463, an inhibitor of WNK proteins; 0.5 mM DiC8, an activator of conventional and novel PKCs; 200 nM bryostatin, an stimulator of nPKC δ and ε; 6 μM röttlerin an inhibitor of nPKCδ; 4 mM AICAR, a stimulator of AMPK; and 50 μM dorsomorphin, an inhibitor of AMPK. Left panels, immunofluorescence images done with an antibody against ZO-2. Nuclei were stained with DAPI. Bars, 20 μm. Images taken from at least two independent experiments. Middle panels, monolayer treatment scheme. Right panels, quantification of ZO-2 fluorescence staining at the cell borders. Statistical analysis was done with Student's t test ***p < 0.001; ****p < 0.0001; ns, nonsignificant. Results obtained from six optical fields in each experimental condition. Data are from two independent experiments. All the quantitative results in this and the following figures correspond to mean ± SE. subsequent activation of WNK4. Figure 1D shows that in LC media, ZO-2 relocation to the cell borders triggered by CaSR activation with Gd 3+ is prevented by treatment with the specific inhibitor of WNK proteins WNK463 (Yamada et al., 2016) . Furthermore, Figure  1F shows that in cells cultured in LC the movement of ZO-2 to the cell borders after PKC stimulation with DiC8 is blocked on treatment with WNK463. Altogether these results indicate that the appearance of ZO-2 at the plasma membrane is triggered by extracellular Ca 2+ that activates the CaSR, which in turn signals through Gα q/11 promoting the subsequent activation of PKC and WNK proteins.
Next, we tested whether WNK4 binds to ZO-2 and whether this interaction increased after PKC activation. For this purpose, MDCK cells cultured in LC were transfected with a WNK4-HA construct and treated with DiC8 or bryostatin. Then, a PLA was done with a rabbit antibody against ZO-2 and a mouse antibody anti HA, showing that the interaction between WNK4 and ZO-2 augments on activation of cPKC and nPKC with DiC8 ( Figure 3A , a and a'), and after the activation of nPKC δ and ε with bryostatin ( Figure 3A , b and b'), the latter to a level similar to that observed after a CS ( Figure 3A, d and d') .
To further confirm the importance of PKCε activation for WNK4/ ZO-2 interaction, we made the same PLA assay but after pretreating the cells with the following PKC inhibitors: 25 mM Ro 31-8220 that inhibits cPKC βI, βII, and nPKC ε (Wilkinson et al., 1993) and the PKCε permeable inhibitor peptide εv1-2 (Liedtke et al., 2002) . These treatments obliterate the appearance of the red fluorescent spots that indicate WNK4/ZO-2 interaction after DiC8 or bryostatin FIGURE 2: PKC activation increases the phosphorylation of ZO-2 at serine residues in monolayers cultured in LC media. (A) Monolayers cultured in LC for 20 h were subjected to a CS for 2 h or maintained in LC and treated or not (vehicle only, DMSO 0.25%) for 2 h with 0.5 mM DiC8, or pretreated for 2 h with 4 μM WNK463 and then transferred to media with 4 μM WNK463 plus 0.5 mM DiC8. The PLA was done with a rabbit antibody against ZO-2 and a mouse antibody anti pSer. Background, PLA done in LC monolayers without both primary antibodies. Nuclei stained with DAPI. Bar, 30 μm. Top panel, representative images; middle left panel, schematic design of experiment; bottom left panel, quantitative analysis done using BlobFinder. Statistical analysis done with one-way analysis of variance (ANOVA) followed by Dunnett's multiple comparison test, **p < 0.01; ****p < 0.0001. Results were obtained from six optical fields in each experimental condition. Results are from two independent experiments. (B) The amount of phosphorylated serines residues in ZO-2 increased after DiC8 treatment. Western blot of a ZO-2 immunoprecipitate from LC cultured cells, treated or not for 2 h with 0.5 mM DiC8, and blotted against phosphorylated serine residues. Top panel, representative image of three independent experiments; bottom panel, quantitative analysis. Statistical analysis done with Student t test, **p < 0.01. PIS, preimune serum. (C) MDCK monolayers were transfected with HA-cZO-2, cultured in LC for 20 h and then were subjected to a CS for 2 h or were maintained in LC and treated or not for 2 h with 0.5 mM DiC8. PLA was done with a rabbit antibody against phosphorylated serines present in the PKC target motif R/KXSϕR/K and a mouse antibody anti HA. Cells transfected with HA-ZO-2 were identified with a mouse antibody anti HA, followed by a secondary goat anti-mouse IgG coupled to Alexa Fluor 488. Background corresponds to LC cultured cells not transfected with HA-cZO-2. Bars, 20 μm. Left panel, representative images; right panel, quantitative analysis done using BlobFinder. Statistical analysis done with one-way ANOVA followed by Dunnett's multiple comparison test ****p < 0.0001. Results obtained with 100 transfected cells per condition derived from two independent experiments. treatment ( Figure 3A , f, f', g, g', h, h', i, and i'), thus confirming the importance of PKCε activation to induce WNK4/ZO-2 interaction.
To further strengthen our results, we immunoprecipitated ZO-2 from LC cultured cells transfected with a WNK4-HA construct and blotted against HA, and observe that treatment with DiC8 or bryostatin augments the amount of WNK4 that coimmunoprecipitates with ZO-2 ( Figure 3B ), thus confirming that PKC activation promotes WNK4/ZO-2 interaction.
Then, we explored whether PKC activation promotes ZO-2 phosphorylation by WNK in LC-cultured cells. For this purpose, MDCK cells cultured in LC were treated with DiC8 with and without the WNK inhibitor WNK463. The PLA in Figure 2A revealed that inhibi-tion of WNK enzymes reduced serine phosphorylation in ZO-2 triggered by PKC activation.
Altogether these results indicate that activation of the CaSR stimulates the G q/11 pathway that induces the activity of PKCε, which in turn phosphorylates ZO-2 and WNK4, leading to further serine phosphorylation of ZO-2 and the movement of this protein to the cell borders.
Activation of adenylyl cylase by PKC is not required for the movement of ZO-2 to the cell borders in cells cultured in LC AMP-activated protein kinase (AMPK) is a serine/threonine protein kinase that senses the energy status in eukaryotic cells (for a review FIGURE 3: PKCε activation increases the interaction of ZO-2 with WNK4 in monolayers cultured in LC media. (A) PLA assays done in monolayers cultured in LC or after a CS with a rabbit antibody against ZO-2 and a mouse antibody anti-HA. Monolayers were treated or not for 2 h with 0.5 mM DiC8 or 200 nM bryostatin. In addition, as indicated, some monolayers were pretreated for 30 min and thereafter for 2 h with 25 nM Ro-318220, or 2 μM of the PKCε inhibitor permeable peptide εv1-2. Cells transfected with WNK4-HA were identified with a mouse antibody anti HA, followed by a secondary goat anti-mouse IgG coupled to Alexa Fluor 488. Background corresponds to LC cultured cells not transfected with WNK4-HA. Bars, 25 μm. Top panel, representative images; bottom panel, quantitative analysis done using BlobFinder. Statistical analysis was done with Kruskal-Wallis test followed by Dunn's multiple comparison test, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, nonsignificant. Results obtained from 30 transfected cells per condition derived from two independent experiments. (B) Treatment with DiC8 or bryostatin augments the amount of WNK4 that coimmunoprecipitates with ZO-2. ZO-2 was immunoprecipitated from LC cultured cells transfected with a WNK4-HA construct and treated or not for 2 h with 0.5 mM DiC8 or 200 nM bryostatin. After the SDS-PAGE the resulting membranes were blotted against HA and ZO-2. Results are from three independent experiments. Statistical analysis done with one-way ANOVA followed by Dunnett's multiple comparison test, **p < 0.01.
see Gowans and Hardie, 2014) . AMPK is activated during calciuminduced TJ assembly and in cells cultured in LC, AMPK activation by 5-aminoimidazole-4-carboxamide ribonucleoside (AICAR), relocates ZO-1 to the cell borders (Zhang et al., 2006) . Here we observe that ZO-2 also relocates to cell-cell contacts in monolayers cultured in LC on treatment with AICAR, albeit with less intensity than with DiC8 treatment ( Figure 1I ). Since PKC (Zimmermann and Taussig, 1996; Kawabe et al., 1994) and its activation with phorbol esters stimulates adenylyl cyclase activity (Jacobowitz et al., 1993; Yoshimura and Cooper, 1993) , and forskolin, a stimulator of adenylyl cyclase induces AMPK activation (Egawa et al., 2008) , we next tested whether the arrival of ZO-2 to the cell borders triggered by DiC8 in monolayers cultured in LC could be blocked by the inhibition of AMPK with dorsomorphin. Figure 1J shows that this is not the case, thus indicating that the appearance of ZO-2 at the cell borders triggered by CaSR activation and PKC signaling does not require the indirect activation of AMPK.
14-3-3 sequesters ZO-2 in cells incubated in LC media
We explored how ZO-2 could be maintained in the cytoplasm of cells cultured in LC, by focusing on the interaction of ZO-2 with 14-3-3. For this purpose, we performed an in silico search of putative 14-3-3 binding sites present in ZO-2 sequence (Scansite, http:// scansite.mit.edu/ and 14-3-3-Pred, www.compbio.dundee.ac.uk/ 1433pred/) and found 25 and 22 sites in canine and human ZO-2, respectively (Supplemental Table 1 and Figure 4A ). Next, we tested whether the cytoplasmic distribution of ZO-2 changed after treatment with BV02, a nonpeptidic inhibitor of 14-3-3 (Mancini et al., 2011) . Figure 4B (first column) shows that the addition of BV02 induced the appearance of ZO-2 at the cell border in the LC condition. These results hence suggested that in the LC condition, 14-3-3 sequesters ZO-2 inhibiting its appearance at the cell borders. Then, we observed by Western blot that inhibition of 14-3-3 with BV02 decreased ZO-2 level and that treatment with MG132, a peptide aldehyde that inhibits the proteosome (for a review see Lee and Goldberg, 1998) , significantly increases the amount of ZO-2 present in the LC condition, irrespective of BV02 treatment ( Figure 4C ). These results suggested that in the LC condition, a considerable amount of Z0-2 is degraded in the proteasome, while a portion of ZO-2 is maintained sequestered by 14-3-3. To further confirm that inhibition of 14-3-3 with BV02 promotes proteosomal degradation of ZO-2, we transfected MDCK cells cultured in LC condition with a HA-ubiquitin construct, treated the monolayers with BV02 and MG132, and immunoprecipitated ZO-2. Figure 4D reveals that the amount of ubiquitin in the immunoprecipitated ZO-2 from LC cultured cells increased after inhibition of the proteasome with MG132. In addition, ubiquitinated ZO-2 also augments on treatment with BVO2, thus suggesting that the interaction of 14-3-3 with ZO-2 protects ZO-2 from proteosomal degradation.
Next, we analyzed the turnover rate of ZO-2 in monolayers cultured in LC and found that the half-life of ZO-2 diminishes to 7 h in the LC condition in comparison to the 19.7 h observed in NC (Supplemental Figure S2 ). This result hence suggests that in the LC condition where TJ are not established, ZO-2 is unstable and is constantly degraded.
Then, we analyzed by Western blot whether the subcellular distribution of ZO-2 changed after BV02 treatment using a cell fractionation assay in MDCK cells cultured in LC condition. Figure 4E shows that irrespective of BV02 treatment, ZO-2 in the LC condition mainly concentrates at the nucleus, while the amount found in the membrane and cytoplasm is barely detectable by Western blot. We had previously shown that the nucleus acts as a cellular ZO-2 reservoir and that the amount of ZO-2 at the membrane is significantly lower and is maintained relatively constant (Chamorro et al., 2009) . In this fractionation assay, we also observed a decrease in the amount of ZO-2 triggered by BV02 that mainly corresponds to changes in nuclear Z0-2 content. In addition, we found that in the LC condition the amount of ZO-2 present at the plasma membrane is very low, and that BV02 treatment further reduces this amount. Therefore, the appearance of ZO-2 at the cell border of LC-cultured cells, triggered by BVO2, could be explained not by ZO-2 recruitment to the cell borders but by the detachment of ZO-2 from 14-3-3 that might allow ZO-2 to polymerize, facilitating its observation at the cell borders by immunofluorescence.
Since ZO-2 through its second PDZ domains forms homodimers with itself and heterodimers with ZO-1 (Itoh et al., 1999; Utepbergenov et al., 2006; Chen et al., 2009) , we asked whether treatment with BV02 could also induce the appearance of ZO-1 at the cell borders in the LC condition. Figure 4B reveals by immunofluorescence the appearance of ZO-1 at the plasma membrane, while no recruitment of the integral TJ proteins occludin and claudin-1, or the peripheral TJ protein cingulin, was observed ( Figure 4B ).
The interaction of ZO-2 with 14-3-3 σ and ζ observed in the LC condition diminishes after CS or after activation of the CaSR/PKCε signaling pathway Next, we explored the interaction of ZO-2 with 14-3-3 in the LC and CS condition. For this purpose, we immunoprecipitated ZO-2 and blotted with an antibody against pan14-3-3, finding that the coimmunoprecipitated 14-3-3 diminished after the CS in comparison to the LC condition ( Figure 5A ). To test the in situ interaction between ZO-2 and 14-3-3, we performed a PLA with a rabbit antibody against ZO-2 and a mouse antibody anti pan14-3-3. Positive red fluorescent spots appeared in MDCK cells cultured in LC, revealing that ZO-2 and 14-3-3 interact in the cytoplasm. However, the number of red spots diminished 4 h after CS ( Figure 5B ). As 14-3-3 interacts with phosphorylated residues in its target proteins, we then tested whether inhibition of PKCδ with 6 μM röttlerin had an impact on the association of 14-3-3 with ZO-2. A PLA done with antibodies against ZO-2 and pan14-3-3 revealed that the interaction between these proteins requires the activity of PKCδ, since treatment with röttlerin inhibits the appearance of the fluorescent red spots ( Figure 5C ).
Then, we analyzed in dual-color confocal images the colocalization of isoforms 14-3-3σ and 14-3-3ζ with ZO-2 before and after CS and in cells cultured in NC for 24 h (SS). In the LC condition, both isoforms colocalize with ZO-2 in the cytoplasm (merge, yellow staining); in contrast, a faint colocalization was observed in the SS condition ( Figures 6A and 7A ). With time after CS, the cytoplasmic colocalization diminishes and ZO-2 concentrates at the cell borders, while the signal of 14-3-3σ and 14-3-3ζ decreases and remains scattered in the cytoplasm. Next, we employed Pearson's correlation coefficient (PCC), a statistic for quantifying colocalization that is independent of signal levels and signal background (Dunn et al., 2011) . PCC values range from 1 for two images whose fluorescence intensities are perfectly related to -1 for two images whose fluorescence intensities are inversely related to one another, and values near 0 indicate distribution of probes that are uncorrelated with one another. Thus, the right panels of Figures 6A and 7A demonstrate that the colocalization of 14-3-3σ and 14-3-3ζ with ZO-2 in the cytoplasm is high in the LC condition and diminishes after the CS. Then, we derived a covariance measure, named Fluorescence covariance index (FCI = Log10 of PCC at cell periphery/ PCC at cytoplasm) to compare the colocalization of 14-3-3σ and FIGURE 4: ZO-2 is sequestered in the cytoplasm by 14-3-3 in the LC condition. (A) cZO-2 and hZO-2 sequences, respectively, have 25 and 22 putative 14-3-3 binding sites, 11 (cZO-2) and 10 (hZO-2) of which are located at the U2 segment. Scheme showing the molecular organization of ZO-2. PDZ, PDZ domain; SH3, Src homologous 3 domain; GK, guanylate kinase domain; Acidic, acidic region; PR, proline-rich segment; ABR, actin binding region; U, unique region; TEL, PDZ binding motif; NLS, nuclear localization signal; NES, nuclear exportation signal; vertical lines, putative 14-3-3 binding sites; blue letters and numbers, putative 14-3-3 binding sites located within an SR motif. (B) The inhibition of 14-3-3 with BV02 induces the appearance of ZO-1 and ZO-2 at the cell borders of cells cultured in LC. MDCK cells were plated at confluent density in NC media and after 1 h were washed 5× with PBS without Ca 2+ and transferred to LC media with 50 μM BV02 or vehicle only (DMSO 0.25%, control). After 20 h the monolayers were fixed and processed for immunofluorescence with antibodies against ZO-1, ZO-2, claudin-1, occludin, and cingulin. Top panel, representative images from three independent experiments. Nuclei were stained in blue with DAPI. Bar, 25 μm. Bottom panel, quantification of ZO-1 and ZO-2 fluorescence staining at the cell borders. Statistical analysis done with Student's t test, ****p < 0.0001. Results obtained from six optical fields in each experimental condition. (C) The cellular content of ZO-2 diminishes in the LC condition after the inhibition of 14-3-3 with BV02, due to protein degradation in the proteosome. Cell lysates were obtained from monolayers cultured in the LC condition for 18 h in the presence or absence of 50 μM BV02 and then were incubated or not for 2 h with 30 μM MG132. Top panel, representative Western blot; bottom panel, densitometric analysis. Statistical analysis done with one-way ANOVA followed by Dunnett's multiple comparison test, **p < 0.05; ***p < 0.01. Results were obtained from three independent experiments. (D) Inhibition of 14-3-3 with BV02 promotes ubiquitination of ZO-2. MDCK cells cultured in LC condition for 20 h were transfected with a HA-ubiquitin construct. After 6 h, the monolayers were incubated with 50 μM BV02 for 20 h. In some monolayers, 30 μM of MG132 was also present in the last 2 h of incubation. ZO-2 was immunoprecipitated with a specific antibody and the blot was done with an antibody against HA. Top left panel, densitometric analysis. Statistical analysis was done with one-way ANOVA followed by Bonferroni's multiple comparison test, *p < 0.005; **p < 0.01; ***p < 0.001; ****p < 0.0001. Results were obtained from three independent experiments. Bottom right panel, representative Western blot. (E) The amount of ZO-2 in the plasma membrane of cells cultured in LC decreases after 14-3-3 inhibition. Western blot of nuclear, membrane, and cytoplasm fractions derived from LC cultured cells treated for 20 h with 50 μM BV02. Antibodies against lamin B1, Na + ,K + -ATPase β1 subunit, and GAPDH were employed as markers of nuclear, plasma membrane, and cytoplasmic fractions, respectively. Numbers below the bands correspond to densitometric values reported as a ratio of ZO-2/lamin B1 in the nuclear fraction; ZO-2/Na + , K + , ATPase in the membrane fraction; and ZO-2/ GAPDH in the cytoplasm fraction of this representative experiment of a set of two independent experiments. 14-3-3ζ with ZO-2 in the cell borders to that in the cytoplasm. In this measure, -1 ≤ FCI < 0 indicates that a greater extent of complexes are in the cytoplasm, while 0 < FCI ≤ 1 indicates that a greater extent of complexes is present in the cell periphery (Cruz et al., 2015) . In LC, ZO-2 is not present at the cell borders, hence FCC determination could not be made. Therefore, we included a SS condition that consisted of confluent monolayers incubated in NC media. Figures 6B and 7B show that in SS, FCI values are < 0 indicating that the colocalization of 14-3-3σ and 14-3-3ζ with ZO-2 was higher in the cytoplasm than in the cell borders. Instead, 2, 4, and 6 h after CS, a small but significant proportion of cells exhibited FCI > 0 indicating that in them the colocalization of 14-3-3σ and 14-3-3ζ with ZO-2 was higher at the cell borders than at the cytoplasm.
These results indicate that in the LC condition, ZO-2 is associated with 14-3-3σ and 14-3-3ζ in the cytoplasm, and that transfer to NC media induces recruitment of these complexes to the plasma membrane and their dissociation as ZO-2 incorporates into nascent TJs.
To provide a link between CaSR activation and the 14-3-3/ZO-2 complex, we next analyzed in dual-color confocal images the cytoplasmic colocalization of 14-3-3σ and 14-3-3ζ with ZO-2, after 2 h of activation of the CaSR with Gd 3+ or of PKCε with bryostatin. Figure  8 shows in immunofluorescence images and with a subsequent PCC analysis that activation of the CaSR/PKCε signaling pathway reduces the cytoplasmic colocalization of 14-3-3 and ZO-2.
Altogether these results indicate that the activation of CaSR triggers a signaling cascade that induces the dissociation of FIGURE 5: ZO-2 interacts in the cytoplasm with 14-3-3 in monolayers cultured in LC and this interaction diminishes with the CS. (A) The amount of 14-3-3 that coimmunoprecipitates with ZO-2 diminished after the CS. ZO-2 was immunoprecipitated from monolayers cultured in LC, and after a 4-h CS with a specific antibody, and the membranes were blotted with antibodies against ZO-2 and pan 14-3-3. PIS, preimmune serum. Left panel, representative image of three independent experiments; right panel, quantitative analysis. Statistical analysis was done with Student's t test; *p < 0.05. (B) ZO-2 interaction with 14-3-3 in the cytoplasm of LC cultured cells diminishes with the CS. PLA was done in monolayers cultured in LC and after a 4-h CS with a rabbit antibody against ZO-2 and a mouse antibody anti pan 14-3-3. Nuclei were stained with DAPI. Background, experiment was done without primary antibodies. Bar, 50 μm. Left panel, representative images; right panel, quantitative analysis was done using BlobFinder. Statistical analysis was done with one-way ANOVA followed by Dunnett's multiple comparison test, ** p < 0.01; ***p < 0.0001. Results were obtained from three independent experiments analyzing 60 cells per experimental condition. (C) Monolayers were cultured in LC and treated or not (vehicle only, DMSO 0.25%) for 2 h with 6 μM röttlerin. The PLA was done with a rabbit antibody against ZO-2 and a mouse antibody against pan14-3-3. Background, PLA was done in LC monolayers without both primary antibodies. Nuclei were stained with DAPI. Bar, 40 μm. Left panel, representative images; right panel, quantitative analysis done using BlobFinder. Statistical analysis was done with one-way ANOVA followed by Dunnett's multiple comparison test; ****p < 0.0001. Results were derived from 11 optical fields analyzed per condition from two independent experiments. 14-3-3/ZO-2 complexes in the cytoplasm as ZO-2 accumulates at the cell borders.
The amount of ZO-2 diminishes after CS due to lysosomal degradation
We analyzed by Western blot the cellular content of 14-3-3ζ, 14-3-3σ, and ZO-2 in LC and after CS, found that the amount of these proteins diminished with time after transfer to NC ( Figure 9A ). Then, we asked whether the decrease of ZO-2 was due to proteosomal or lysosomal degradation. To make sure that degradation and not new synthesis was being followed, a 5-h incubation with 30 μM cyloheximide was done in monolayers that remained in the LC condition and in those subjected to CS. Figure 9B shows that the cellular content of ZO-2 diminishes to 55% when the LC culture is treated with cycloheximide, thus revealing that even in the LC condition, where no TJ are formed, ZO-2 is being synthesized. Moreover, 5 h after CS, the decrease in the amount of ZO-2 is more pronounced when protein synthesis was inhibited with cycloheximide (18%) than when it was not (54%), thus indicating that during CS, ZO-2 is being synthesized de novo. Treatment with MG132 did not affect ZO-2 decay 5 h after CS in the absence or presence of cycloheximide. Instead, treatment with chloroquine, an agent that blocks lysosomal protein degradation by raising PCC at cell periphery/PCC at cytoplasm) was done to compare the frequency of colocalization of 14-3-3σ with ZO-2 in the cell borders with the colocalization in the cytoplasm. SS, steady state condition. The values of FCI 2, 4, and 6 h after the CS are different from the SS condition since a small but significant proportion of cells exhibited FCI > 0 indicating that in them the colocalization of 14-3-3σ with ZO-2 was higher at the cell borders than at the cytoplasm. Statistical analysis done with one-way ANOVA followed by Dunnett's multiple comparison test, SS ≠ CS (2 h) ****p < 0.0001; SS ≠ CS (4 h) ****p < 0.0001; SS ≠ CS (6 h).
lysosomal pH and inhibiting lysosomal enzymes (Rutz et al., 2004) (for a review see see Steinman et al., 1983) , blocked ZO-2 degradation during CS when cycloheximide was added or not ( Figure 9B ).
Next, we analyzed the effect of chloroquine and MG132 on the degradation of 14-3-3ζ and 14-3-3σ 6 h after CS ( Figure 9C ), observing that their degradation is reversed by proteosomal inhibition and not by lysosomal blockade (Figure 9C ).
ZO-2 is a cytoplasmic protein; hence its degradation in lysosomes instead of proteosomes, after CS, suggests that ZO-2 after reaching the plasma membrane is endocyted. To test this proposal, we incubated the monolayers during a 4-h CS with hypertonic media that inhibits receptor-mediated endocytosis (Daukas and Zigmond, 1985; Heuser and Anderson, 1989) , finding that this treatment reverses the decay of ZO-2 ( Figure 9D ). To further confirm this observation, cells were subjected to CS in the presence or absence of dynasore, a cell-permeable GTPase inhibitor that targets dynamins -1 and -2 blocking clathrin-coated vesicle formation in endocytosis and ligand uptake through caveolae (Macia et al., 2006) . Figure 9E shows that dynasore blocks the decay of ZO-2 that happens after CS.
To further demonstrate the endocytosis of ZO-2, we analyzed by immunofluorescence whether after CS, ZO-2 colocalized with the early endosome marker EEA-1 (Mu et al., 1995) and with Rab-7, a marker of late endosomes (for a review see Apodaca et al., 2012) . In this experiment, the monolayers were incubated with 50 μM chloroquine to block the degradation of ZO-2 in the lysosome. Figure 10 shows that ZO-2 can be found colocalizing with EEA-1 120 min after the CS, whereas the colocalization with Rab-7 is evident 240 min after the CS. These results thus indicate that after the CS, ZO-2 is endocyted.
Taken together, these results indicate that ZO-2 is degraded in the cytoplasm in the LC condition; however, a certain amount of ZO-2 is protected from degradation due to its association to 14-3-3 in the cytoplasm. After CS, ZO-2/14-3-3 complexes relocalize to the cell borders and dissociate. The 14-3-3 is then degraded in the proteosome, while ZO-2 associates to the TJs that are being assembled de novo (Gonzalez-Mariscal et al., 1985) . There the number of ZO-2 binding sites might be limited (Chamorro et al., 2009) , inducing the endocytosis and degradation of excessive ZO-2 in the lysosome.
The unique region 2 (U2) of ZO-2 is critical for the interaction of the molecule with 14-3-3
With regard to 14-3-3 putative binding sites on ZO-2, Supplemental  Table 1 and Figure 4A show that hZO-2 has 10 sites for a total of 22 located in the U2 region, while cZO-2 has 11 sites for a total of 25 in this region. This observation is particularly relevant, since 14-3-3 binding motifs are very frequently located within disordered regions that border functional domains (Bustos and Iglesias, 2006; Oldfield et al., 2008; Johnson et al., 2010; Uhart and Bustos, 2014) , and the ZO-2 U2 segment that localizes between PDZ1 and PDZ2 domains has no inherent structure according to JPred protein secondary structure prediction system (www.compbio.dundee.ac.uk/jpred/). This condition might give a greater capture radius of ligands to the U2 segment than a compact folded region and in addition suggests that binding to 14-3-3 could induce a disorder to order transition of ZO-2 as has been suggested for other proteins that bind to 14-3-3 (Bustos and Iglesias, 2006) .
To test the importance of the U2 segment, we next transfected MDCK cells with a wild-type (WT) hZO-2 (Flag-hZO-2) construct or a hZO-2 construct lacking the U2 region (Flag-hZO-2 ΔU2) and analyzed the in situ interaction between ZO-2 and 14-3-3, with a PLA employing a rabbit antibody against Flag and mouse antibodies against 14-3-3σ and 14-3-3ζ. We observed in the transfected cells cultured in LC that the positive red fluorescent spots that reveal the interaction between Flag-hZO-2 and 14-3-3σ ( Figure 11A , top panel) or 14-3-3ζ ( Figure 11A , bottom panel) diminish when ZO-2 lacks the U2 segment. To further confirm these results, in MDCK cells cultured in LC and transfected with Flag-hZO-2 or Flag-hZO-2 ΔU2, we made an immunoprecipitation assay with an antibody against Flag. The Western blot revealed that the lack of the U2 segment in ZO-2 diminished the coimmunoprecipitation of 14-3-3σ and 14-3-3ζ ( Figure 11B ). These results thus indicate that the U2 region of ZO-2 is critical for the interaction of the molecule with 14-3-3. S261 is crucial for cZO-2 binding to 14-3-3σ and 14-3-3ζ and importation into the nucleus
We observed that seven of the 11 putative 14-3-3 binding sites present within the U2 region of cZO-2 form part of SR repeats ( Figure 4A and Supplemental Table 1 ), which on phosphorylation by the enzyme SRPK induce the accumulation of ZO-2 at nuclear speckles (Quiros et al., 2013) . In addition, cZO-2 residues Thr248 and Ser261 are located within bipartite nuclear localization signal 2 (bpNLS-2) ( Figure 4A and Supplemental Table 1 ) Since it had been previously shown that the association of 14-3-3 with a nuclear localization signal present in FOXO1 blocked the nuclear importation of this transcription factor (Zhao et al., 2004) , we next tested whether HA-cZO-2 mutants T248A and S261A altered the nuclear importation of the protein. Figure 12A shows, as we previously reported (Chamorro et al., 2009; Quiros et al., 2013) , that in NC medium, 80% of cells transfected with WT HA-cZO-2 express ZO-2 protein at the nucleus at time 0, which corresponds to 6 h after transfection, a time needed after transfection, for proteins to be expressed. The percentage of cells with nuclear WT HA-cZO-2 diminishes with time as the monolayer becomes confluent, as we previously observed (Chamorro et al., 2009; Quiros et al., 2013) . Instead, only 16% of the cells expressing HA-cZO-2 mutant S261A have it at the nucleus at time 0, while mutant T248A exhibits only a slightly delayed nuclear recruitment (62% at time 0). To further confirm that S261 is crucial for cZO-2 nuclear importation, we made a Western blot of a cell fractionation assay ( Figure 12B) . The quantitative analysis of the nuclear, membrane, and cytoplasm fractions showed that while 46.4% of WT HA-cZO-2 was present at the nucleus at time 0, only 0.2% was detected 24 h later, whereas a barely detectable amount of the HA-cZO-2 mutant S261A was present in the nucleus both at time 0 and 24 h later. The amount of HA-cZO-2 mutant S261A found in every fraction is lower than that of HA-cZO-2 and the mutant S261A concentrates in the membrane fraction since time 0 ( Figure 12B ). To demonstrate the presence of HA-cZO-2 mutant S261A in all the cellular fractions, albeit at low intensity, a high exposure blot is also shown ( Figure 12A, right panel) Taken together, these results indicate that S261 present within the bpNLS-2 is crucial for an efficient importation of ZO-2 into the nucleus and suggest that the decreased cellular content of HA-cZO-2 mutant S261A might be due to its decreased capacity to associate to 14-3-3 that may render it more susceptible to proteosomal degradation. To further explore this point, we analyzed by Western blot the total cellular content of HA-cZO-2 and the mutants T248A and S261A in LC-cultured cells in the presence or absence of MG132. Figure 12C reveals that the expression of both HA-cZO-2 mutants recovers to control values after treatment with MG132, thus indicating that their reduced expression is due to proteosomal degradation.
Next, we analyzed by immunofluorescence whether newly synthesized cZO-2-HA colocalized with 14-3-3 σ and ζ in the nucleus, observing that their initial nuclear colocalization at time 0 (6 h after transfection) diminished 24 h later ( Figure 12D , top panel) when the percentage of cells with nuclear ZO-2 is significantly reduced ( Figure  12A ). With PCC we confirmed these observations ( Figure 12D, bottom panel) .
Since residues T248 and S261 are putative 14-3-3 binding sites, we next tested with a PLA the interaction between HA-cZO-2 mutants lacking these residues and endogenous 14-3-3σ or ζ. For this purpose, cells were transfected with WT HA-cZO-2 or the HA-cZO-2 mutants T248A and S261A. The PLA was done in the presence of MG132 to avoid proteosomal degradation of HA-cZO-2 mutants, with a rabbit antibody against HA and a mouse antibody against 14-3-3σ or ζ. Figure 13 , A and B, shows that the interaction between 14-3-3 σ or ζ and ZO-2 mutants T248A and S261A decreases in comparison to that with WT HA-cZO-2, with the decrease more pronounced for the ZO-2 S261A mutant. To further reinforce these results, an immunoprecipitation assay was done, confirming a decreased interaction only between 14-3-3 and ZO-2 mutant S261A ( Figure 13C) .
Taken together, these results suggest that S261 located within bpNLS-2 is a binding site for 14-3-3σ and ζ, and that this interaction facilitates the importation of ZO-2 into the nucleus.
DISCUSSION
ZO-2 is a protein that shuttles among the cytoplasm, the nucleus, and TJs. In sparse epithelial cells, the movement of newly synthesized ZO-2 into the nucleus is regulated by NLSs and phosphorylation of serine/arginine (SR) repeats (Quiros et al., 2013) , while nuclear exportation of ZO-2 occurs when cells become confluent in a process mediated by nuclear exportation signals (NESs) (Jaramillo et al., 2004; Gonzalez-Mariscal et al., 2006) , the phosphorylationdependent activation of a NES (Chamorro et al., 2009) and the inactivation of a NLS by SUMOylation (Wetzel et al., 2017) . In confluent cultures instead, newly synthesized ZO-2 reaches the TJ without making a stopover at the nucleus (Quiros et al., 2013) .
In this work, we sought to unveil the molecular mechanism that induces the translocation of ZO-2 from the cytoplasm to the TJs. We have employed a model of epithelial MDCK cells cultured in LC, since in this system we had previously observed that ZO-2 is diffusely distributed in the cytoplasm and because with Gd 3+ , we could test whether the relocation of ZO-2 to the plasma membrane started by activation in the membrane of the CaSR. Our observation that Gd 3+ triggers the appearance of discontinuous stretches of ZO-2 at the borders of cells cultured in LC media is consistent with previous reports showing that CaSR agonists neomycin, Gd 3+ , and R-568 cause the recruitment of ZO-1 and occludin to sites of cell-cell contact in cells cultured in LC (Jouret et al., 2013) . The importance of CaSR for TJ regulation is further reinforced by the observation that this receptor accelerates the expression profile of claudins during epidermal differentiation (Troy et al., 2007) and promotes the expression of claudin-14 in the kidney (Toka et al., 2012) through the down-regulation of specific microRNAs (Gong et al., 2012) .
Surprisingly, we found that in the LC condition the amount of ZO-2 detected in the membrane fraction by Western blot does not augment after inhibition of 14-3-3 with BV02, suggesting that the discontinuous stretches of ZO-2 observed by immunofluorescence at the cell borders of LC-cultured cells after activation of the Gd 3+ / CasR/PKCε/WNK4 pathway might correspond to polymerized ZO-2 that due to its previous association to 14-3-3 was undetectable by immunofluorescence in the plasma membrane.
Since DiC8, a permeable DAG, induces the appearance of ZO-2 at the border of cells cultured in LC, we conclude that a cPKC or nPKc was involved. Previously we had shown that treatment with DiC8 triggered the appearance of ZO-1 at cell borders in cells cultured in LC (Balda et al., 1993) and that nPKCε induces the exit of ZO-2 from the nucleus (Chamorro et al., 2009) . Moreover, treatment with the traditional Chinese medicine, indigo naturalis (Lin et al., 2013) , or the anti-inflammatory molecule, oxyresveratrol FIGURE 11: The U2 segment of ZO-2 favors the interaction of ZO-2 with 14-3-3. MDCK monolayers cultured in LC medium were transfected with WT hZO-2 (Flag-hZO-2) or a hZO-2 lacking the U2 region (Flag-hZO-2 ΔU2) and treated with 30 μM MG132 for 4 h. (A) A PLA assay was done employing a rabbit antibody against Flag and mouse antibodies against 14-3-3σ or 14-3-3ζ. Transfected cells were identified by their green staining after treatment with an antibody against rabbit coupled to Alexa Fluor 488. Background, untransfected cells. Bars, 15 μm. Top panel, representative images; bottom panel, quantitative analysis was done using BlobFinder. Statistical analysis done with one-way ANOVA followed by Dunnett's multiple comparison test; ***p < 0.001; ****p < 0.0001. Results were obtained analyzing 20 transfected cells per condition derived from two independent experiments. (B) Immunoprecipitation assay was done with an antibody against Flag and blotted with antibodies against Flag, 14-3-3σ, and 14-3-3ζ. PIS, preimmune serum. Left panels, representative images; right panels, quantitative analysis of three independent experiments. Statistical analysis done with student's t test; *p < 0.05; **p < 0.01. (Jo et al., 2017) , increased TJ function and protein expression through a process mediated by PKC activation. In a similar manner, treatment of intestinal cells with probiotic secretory proteins (Seth et al., 2008) , or bile duct epithelia with EGF (Guntaka et al., 2011) , protected TJ barrier function from hydrogen peroxide-induced insult through a mechanism mediated by cPKC and nPKCε. PMA, a phorbol ester that activates cPKC and nPKC, increased TER in intestinal HT-29 cells (Sjo et al., 2003) , while the stimulation of Toll-like receptor 2 increased TER and concentrated ZO-1 at the TJ through a process mediated by the activation of cPKCα and nPKCδ (Cario et al., 2004) . Bryostatin, a specific activator of cPKCα and nPKC δ and ε, restored blood-brain barrier (BBB) integrity and increased the expression of ZO-1 following blast-induced traumatic brain injury (Lucke-Wold et al., 2015) ; in T84 cells bryostatin induced the subcellular redistribution of ZO-2 from a detergent-soluble fraction to a detergent-insoluble fraction. This process appeared to be mediated by nPKCε, as it was not inhibited by the cPKC inhibitor Gö-6976 or the PKCδ-specific inhibitor röttlerin, but only by the inhibitor of conventional and novel PKCs Gö-6850 (Yoo et al., 2003) . Röttlerin instead exacerbated BBB hyperpermeability and TJ FIGURE 12: ZO-2 colocalizes with 14-3-3 in the nucleus, and residue S261 of cZO-2 is crucial for the nuclear importation the protein. (A) Left panel, percentage of cells with nuclear HA-ZO-2 as a function of time after transfection, determined by immunofluorescence using an anti HA antibody. Monolayers cultured in NC media were fixed at the indicated times. Time 0 corresponds to 6 h after transfection. Experiments were done with cells transfected with HA-cZO-2 WT, HA-cZO-2 S261A, and HA-cZO-2 T248A. Results are from three independent experiments. In each experiment, 100 transfected cells were evaluated per experimental point. Statistical analysis done with two way ANOVA followed by Bonferroni's multiple comparison test. cZO-2 S261A and HA-cZO-2 T248A were compared against HA-cZO-2 WT; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. (B) Western blot against HA-ZO-2 present in nuclear, cytoplasmic, and plasma membrane fractions of cells at times 0 and 24 h of transfection with HA-cZO-2 WT and HA-cZO-2 S261A. Antibodies against lamin B1, Na + ,K + -ATPase β1 subunit, and GAPDH were employed as markers of nuclear, plasma membrane, and cytoplasmic fractions, respectively. Right panel, overexposed Western blot. (C) The reduced cellular content of HA-cZO-2 mutants T248A and S261A in comparison to WT HA-cZO-2 in LC cultured cells, recovers after proteasome inhibition with MG132. Western blot of cellular lysates derived from monolayers transfected with WT HA-cZO-2 or the mutants T248A and S261A in the presence or absence of 30 μM MG132. Statistical analysis was done with one-way ANOVA followed by Dunnett's multiple comparisons test, *p < 0.05; **p < 0.01. Results were obtained from three independent experiments. (D) cZO-2-HA colocalized with 14-3-3 σ and ζ in the nucleus at time 0 (6 h after transfection) and this interaction diminished 24 h later. Monolayers were transfected with HA-cZO-2 WT. Immunofluorescence done with antibodies against 14-3-3σ or 14-3-3ζ and anti HA. Top panel, representative images; bottom panel, PCC in the nucleus. Bars, 20 μm. Statistical analysis was done with two-tailed Student's t test, ****p < 0.0001. Results were obtained from 20 transfected cells per experimental condition from to independent experiments. disruption during aglycemic hypoxia, suggesting a protective role of PKCδ in the maintenance of the BBB (Kim et al., 2010) . Similarly, in the preimplantation mouse embryo, activation of nPKCδ accelerated the early assembly of ZO-2 (Eckert et al., 2004) . In agreement, here we observed that treatment with bryostatin, at a dose that specifically activates nPKC δ and ε, decreases the cytoplasmic colocal-ization of the 14-3-3/ZO-2 complex and triggers the appearance of ZO-2 at the borders of cells cultured in LC, and that röttlerin failed to inhibit this process, suggesting that nPKCδ is not required and that activation of nPKCε is sufficient to induce ZO-2 appearance at TJs triggered by CaSR activation or alternatively that either nPKCε or δ can drive this process. However, when we stimulated FIGURE 13: cZO-2 mutants S261A and T248A displays reduced binding to 14-3-3σ and 14-3-3ζ. (A) The interaction of endogenous 14-3-3σ and transfected HA-cZO-2 diminishes with cZO-2 mutants S261A and T248A. Cells were transfected with WT HA-cZO-2 or the HA-cZO-2 mutants T248A and S261A. PLA was done with a rabbit antibody against HA and a mouse antibody against 14-3-3σ in the presence of MG132. In this experiment, the cells transfected with HA-cZO-2 or the HA-cZO-2 mutants T248A and S261A were identified with a rabbit antibody against HA, followed by a secondary anti rabbit antibody coupled to Alexa Fluor 488. Background corresponds to cells not transfected with HA-cZO-2. Bars, 15 μm. Left panel, representative images; right panel, quantitative analysis done using BlobFinder. Statistical analysis was done with Kruskal-Wallis test followed by Dunn's multiple comparison test; *p < 0.05; ****p < 0.0001. Results were obtained with 30 transfected cells per condition derived from two independent experiments. (B) The interaction of endogenous 14-3-3ζ with transfected HA-cZO-2 diminished in mutants cZO-2 S261A and T248A. Cells were transfected with HA-cZO-2 or the HA-cZO-2 mutants T248A and S261A. PLA were done in the presence of MG132 with a rabbit antibody against HA and a mouse antibody against 14-3-3ζ. In this experiment, the transfected cells were identified with a rabbit antibody against HA, followed by a secondary anti rabbit antibody coupled to Alexa Fluor 488. Background corresponds to cells not transfected with HA-cZO-2. Bars, 20 μm. Results were obtained from 30 transfected cells per condition derived from two independent experiments. Left panel, representative images; right panel quantitative analysis done using BlobFinder. Statistical analysis done with Kruskal-Wallis test followed by Dunn's multiple comparison test; *p < 0.05; ***p < 0.001; ****p < 0.0001. (C) The interaction between cZO-2 and 14-3-3σ or 14-3-3ζ diminishes in the mutant HA-cZO-2 S261A but not in the mutant HA-cZO-2 T248A. Cells cultured in LC condition were transfected with WT HA-cZO-2 or the HA-cZO-2 mutants T248A and S261A. ZO-2 was immunoprecipitated with a mouse antibody against HA and blotted with a mouse antibody against 14-3-3σ or a rabbit antibody against 14-3-3ζ. Left panel, representative image of 14-3-3σ blot; right panel, representative image of 14-3-3ζ blot. Bottom panels, quantitative analysis done with one-way ANOVA; *p < 0.05.
LC-cultured cells with DiC8 or bryostatin and in addition employed Ro-318220 that inhibits nPKCε but not nPKCδ, or nPKCε-specific inhibitor peptide εν1-2, we observed that ZO-2/WNK4 interaction diminishes, thus indicating that nPKCε and not nPKCδ, is required for ZO-2 appearance at the cell borders.
cZO-2 is a phosphorylation target of PKC (Avila-Flores et al., 2001) and contains 26 putative high stringency PKC phosphorylation sites (program GPS-3.0; Xue et al., 2008) ; therefore, it was not surprising to find that PKC activation with DiC8 induced the serine phosphorylation of ZO-2 at PKC phosphorylation consensus sites.
We explored whether the signaling cascade triggered by CaSR that translocates ZO-2 to TJs, involved the activation of WNK4, because this kinase localizes at TJs in the distal nephron (Wilson et al., 2001) and binds and phosphorylates claudins -1 to -4 (Yamauchi et al., 2004) . In addition, WNK proteins are essential for ion homeostasis in the nervous system and kidney (for reviews see Rodan and Jenny, 2017, and Shekarabi et al., 2017) . Moreover, CaSR activation induces through PKC the phosphorylation and activation of WNK4 (Bazua-Valenti et al., 2018) as well as the phosphorylation and inactivation of Kelch-like 3 (Shibata et al., 2014) , a component of the E3-RING ubiquitin ligase complex that targets WNK4 for ubiquitination and degradation (Shibata et al., 2013) . This allows the CaSR to regulate NaCl reabsorption in the distal convoluted tubule by increasing the activity of the thiazide-sensitive NaCl cotransporter through the WNK4-SPAK pathway (Bazua-Valenti et al., 2018) .
Here, we observed that PKC stimulation induces ZO-2 interaction with WNK4, ZO-2 phosphorylation in serine residues and its relocation to the cell borders, and that these effects are blocked by inhibition of WNK proteins, indicating that farther downstream in the CaSR/PKC signaling cascade, WNK4 is involved. ZO-2 contains six high stringency putative WNK4 phosphorylation sites distributed in different segments of the molecule (Supplemental Table 2 ). We do not know how the phosphorylation of any or some of these residues by WNK4 triggers ZO-2 disassembly from 14-3-3 and its incorporation into TJs. However, we observed that none of the 14-3-3 putative binding sites in ZO-2 are also putative WNK4 phosphorylation sites. Therefore we think that a dual phosphorylation switch might regulate the appearance of ZO-2 at the cell borders. The first, triggered by a serine/threonine kinase different from WNK4 that allows the association of ZO-2 to 14-3-3, the subsequent maintenance of ZO-2 in a nonpolymerized state in the membrane, and the cytoplasm of cells cultured in LC. This kinase could be nPKCδ since treatment with röttlerin inhibits the interaction of ZO-2 with 14-3-3 in the cytoplasm of cells cultured in LC. The second phosphorylation is due to WNK4 that reduces the affinity of ZO-2 for 14-3-3 proteins and facilitates the polymerization and incorporation of ZO-2 into nascent TJs. In this respect, such a situation has been observed in the two-pore domain K channel TASK-1, where the phosphorylation of S393 creates a high-affinity 14-3-3 binding site that overlaps a COPI vesicle-binding motif allowing the protein to leave the early secretory pathway and to reach the cell surface, while phosphorylation of S392 reduces the affinity of 14-3-3 proteins for TASK-1, keeping the channel at the Golgi (Kilisch et al., 2016) .
Another case in which the localization of a TJ protein is regulated by interaction with 14-3-3 is that of ubinuclein. The latter is a ubiquitously expressed nuclear protein that in confluent monolayers concentrates at TJs interacting with ZO-1 and cingulin (Lupo et al., 2012) . Ubinuclein localization at TJs and especially at tricellular intersections increases on association to 14-3-3 and disappears when PKA-mediated phosphorylation of ubinuclein is inhibited (Conti et al., 2013) .
Interaction with 14-3-3 also regulates the nucleo-cytoplasmic shuttling of ZO-2, as the mutation in ZO-2 of 14-3-3 binding site S261 located within a NLS impairs the nuclear importation of the protein. In a similar manner, the interaction with 14-3-3 promotes the nuclear importation of yeast phosphatidylinositol 4-kinase, Pik1p (Demmel et al., 2008) . In contrast, the association of 14-3-3 with residues located within a NLS of FOXO1 blocks the nuclear importation of this transcription factor (Zhao et al., 2004) .
The association to 14-3-3 also promotes the nuclear exportation of transcription factor FKHRL1 (Brunet et al., 2002) , the phosphatase and mitotic inducer Cdc25 (Kumagai and Dunphy, 1999) , and the chaperone Chibby in interaction with β-catenin (Li et al., 2008) . Instead, the association of 14-3-3 with the telomerase catalytic subunit TERT blocks the recognition of its NES by exportin CRM1, inhibiting the nuclear exportation of the telomerase (Seimiya et al., 2000) .
The appearance of ZO-2 at the cell border triggered by the activation of AMPK by AICAR is not surprising since previously a similar situation had been observed for ZO-1 (Zhang et al., 2006) . Moreover, AMPK is phosphorylated and activated by liver kinase-β1 (Zheng and Cantley, 2007) , a kinase that induces cell-autonomous polarization in intestinal epithelial cells (Baas et al., 2004) , and by Ca 2+ -calmodulindependent protein kinase kinase (Rowart et al., 2017) , and both proteins modulate the assembly of TJs in epithelial cells. However, this stimulation of TJ assembly appears to be independent to that triggered by the activation of CaSR, since even though PKC can stimulate adenylylcyclase leading to the activation of AMPK, the appearance of ZO-2 at the cell border is not blocked when DiC8-treated cells are incubated with the AMPK inhibitor dorsomorphin.
We observed that the amount of ZO-2 diminishes after CS, because the protein is endocyted from the plasma membrane and degraded in lysosomes. This observation was expected because previously we had demonstrated that the amount of newly synthesized endogenous ZO-2 that incorporates in the plasma membrane is limited, in contrast to that which accumulates in the nucleus that seems to serve as a cellular reservoir of ZO-2, subject to drastic amount variations (Chamorro et al., 2009) . Moreover, we also found that in the LC condition, the decrease in the amount of ZO-2 triggered by the inhibition of 14-3-3 is mainly due to a decrease in the nuclear content of ZO-2.
In summary, our results reveal a novel molecular mechanism where the presence of calcium in the extracellular medium triggers the recruitment of ZO-2 from the cytoplasm, where it is sequestered by 14-3-3 proteins, to nascent TJs in the plasma membrane. This process is regulated by a signaling cascade involving the activation of CaSR and Gα q/11 that leads to the subsequent activation of nPKCε that in turn phosphorylates WNK4, which targets ZO-2 triggering its phosphorylation, disassembly from 14-3-3, and incorporation into TJs (Figure 14 ).
MATERIALS AND METHODS

Cell culture
Epithelial MDCK cells from the American Type Culture Collection (Manassas, VA; CRL-2936) between passages 60 and 100 were grown as previously described (Gonzalez-Mariscal et al., 1985) . For CS assay, cells were plated at confluent density (7 × 10 6 cells/cm 2 ) in NC (1.8 mM) and after 1 h were gently washed 5× with phosphatebuffered saline (PBS) without Ca 2+ and transferred to LC media (1-5 μM) for 20 h.
cDNA constructs
To generate hZO-2 ΔU2 in a construct with CMV10 promoter and a tag of 3 × FLAG, we liberated with KpnI and XbaI restriction enzymes hZO-2 ΔNLS construct inserted into a vector containing CMV2 and 2 × FLAG (generously provided by Marius Sudol, National University of Singapore, Singapore). hZO-2 ΔNLS lacks base pairs 313-873 of hZO-2 that code for U2 segment (amino acids 105-291). Full-length hZO-2 contained within a vector with CMV10 promoter and a 3 × Flag (generously provided by Otmar Huber, Jena University, Germany) was cut with KpnI and XbaI restriction enzymes to eliminate full-length hZO-2 from the vector. Then, the hZO-2 ΔNLS construct was inserted into this empty vector containing CMV10 promoter and a 3 × Flag.
Full-length canine ZO-2 introduced into the cytomegalovirus expression vector plasmid pGW1 (pGW1-HA-ZO-2) was kindly provided by Ronald Javier (Baylor College of Medicine, Houston, TX). cZO-2 mutants Thr248A and Ser261A were derived from construct pGW1-HA-ZO-2 employing the QuikChange Multisite-Directed Mutagenesis Kit (Ca. 200515, Agilent Technologies, Foster City, CA) as indicated by the manufacturer.
The mWNK4-HA construct in pcDNA3.1 was a kind gift of María Castañeda-Bueno (Instituto Nacional de Ciencias Medicas y Nutrición Salvador Zubirán). The HA-ubiquitin construct in pcDNA3.1 was a kind gift of Otmar Huber (Jena University, Jena, Germany).
Immunofluorescence
Immunofluorescence was done as previously described (Quiros et al., 2013) using the following primary rabbit polyclonal antibodies against ZO-2 (Cat. 71-1400, dilution 1:100, Invitrogen, Camarillo, CA), claudin-1 (Cat. 51-9000, dilution 1:100, Invitrogen, Camarillo, CA), and cingulin (Cat. 36-4401, dilution 1:250, Invitrogen, Camarillo, CA); a rabbit monoclonal antibody against E-cadherin (Cat. 3195, dilution 1:1000, Cell Signaling, Danvers, MA); or the following mouse monoclonal antibodies anti: occludin (Cat. 33-1500, dilution 1:100, Invitrogen, Camarillo, CA), EEA-1 (Cat. 610457, dilution 1:200, BD Biosciences, San Jose, CA), and rab-7 (Cat. Ab50533, dilution 1:100, Abcam, Cambridge, MA). As secondary antibodies the following were employed: Alexa Fluor 488 coupled to donkey anti rabbit antibody (Cat. A21206, dilution 1:500, Life Technology, Carlsbad, CA), Alexa Fluor 594 coupled to donkey anti-goat antibody (Cat. A11058, dilution 1:500, Life Technology, Carlsbad, CA), and Alexa Fluor 594 coupled to donkey anti-mouse antibody (Cat. A21203, dilution 1:500, Life Technology, Carlsbad, CA). After 3× washing, the monolayers were mounted with the antifade reagent Vectashield with 4',6-diamidino-2-phenylindole (DAPI) (Cat. H-1200, Vector Laboratories, Burlingame, CA) to stain the nuclei in blue. The fluorescence of the monolayers was examined in a SP2 confocal microscope (Leica, Weitzlar, Germany) with argon and helium-neon lasers and Leica confocal software.
ZO-2 immunofluorescence quantification at cell borders
Quantification of ZO-2 fluorescence intensity at the cell borders was done using imageJ and the freehand selection tool to outline the total length of ZO-2 at the cell periphery in each field. Six optical fields were randomly selected from each experimental condition.
FIGURE 14: Schematic representation of the signaling cascade activated by the CaSR that induces the arrival of ZO-2 to TJs. The presence of calcium in the extracellular media or of Gd 3+ activates the CaSR present in the plasma membrane, which subsequently activates the Gα q/11 subunit that turns on a signaling cascade that leads to the activation of nPKCε. This kinase phosphorylates WNK4, which in turn phosphorylates ZO-2 triggering its disassembly from 14-3-3 and relocation to TJs. Residue S261 of ZO-2, located within a NLS, binds to 14-3-3σ and ζ and facilitates the importation of ZO-2 into the nucleus. Red lines, signaling pathway that leads to ZO-2 recruitment to the cell borders; blue lines, effect of drugs used in this study.
Immunofluorescence colocalization quantification
Stacks of fluorescence images containing 20-30 optical sections obtained from confocal microscope Leica TCS SP5 (Wetzlar, Germany) were imported into Volocity 6.0.1 (PerkinElmer) to calculate the PCC values in the cytoplasm and at the cell borders. The PCC was completed within each individual confocal image among the stack. The cell borders and the cytoplasm for each cell in an image stack were defined using the Freehand tool. The PCC values were exported in a comma-separated value (.csv) format.
The fluorescence covariance index defined as the ratio of PCC values at the cell borders to PCC values in the cytoplasm for ZO-2 and 14-3-3 proteins was logarithm transformed as previously described (Vedula et al., 2016) .
Proximity ligation assay
The PLA Duolink were done following the manufacturer's instructions (Cat. DUO092008, Sigma Aldrich, Uppsala, Sweden), with the following sets of antibodies: 1) a rabbit antibody against ZO-2 (Cat. 71-1400, dilution 1:100, Invitrogen, Camarillo, CA) and a mouse antibody anti pSer (Cat. P3430, dilution 1:100, Sigma Aldrich, Darmstadt, Germany) ( Figure 2A) ; 2) a rabbit antibody against Phospho-(Ser) PKC substrate (Cat. 2261, dilution 1:100, Cell Signaling, Danvers, MA) and a mouse antibody anti HA (Cat. 26183-D800, dilution 1:100, Life Technologies, Carlsbad, CA). In this experiment, cells transfected with HA-ZO-2 were identified with the latter mouse antibody anti HA, followed by a secondary goat anti-mouse IgG coupled to Alexa Fluor 488 (Cat. A11001, dilution 1:500, Life Technologies, Carlsbad, CA) ( Figure 2B) ; 3) a rabbit antibody against ZO-2 (Cat. 71-1400, dilution 1:100, Invitrogen, Camarillo, CA) and a mouse antibody anti HA (Cat. 26183-D800, dilution 1:100, Life Technologies, Carlsbad, CA). In this experiment, cells transfected with WNK4-HA were identified with the same mouse antibody anti HA, followed by a secondary goat antimouse immunoglobulin G (IgG) coupled to Alexa Fluor 488 (Cat. A11001, dilution 1:500, Life Technologies, Carlsbad, CA) ( Figure  2C ); 4) a rabbit antibody against ZO-2 (Cat. 71-1400, dilution 1:100, Invitrogen, Camarillo, CA) and a mouse antibody anti pan14-3-3 (Cat. 2Q248, dilution 1:100, Abcam, Cambridge, MA) ( Figure 4B) ; 5) a rabbit antibody against Flag (Cat. Sc-807, dilution 1:100, Santa Cruz, Dallas, TX) and mouse antibodies against 14-3-3σ (Cat. MA5-11663, dilution 1:100, Invitrogen, Amarillo, CA) or 14-3-3ζ (MA1-25492, dilution 1:100, Invitrogen, Amarillo, CA). In this case, to identify the cells transfected with Flag hZO-2, a donkey against rabbit IgG coupled to Alexa Fluor 488 was employed (Cat. A21206, dilution 1:500, Life Technology, Carlsbad, CA) ( Figure 9) ; and 6) a rabbit antibody against HA (Cat. SC-805, dilution 1:200, Santa Cruz Biotechnology, Dallas, TX) and a mouse antibody against 14-3-3σ (Cat. MA5-11663, dilution 1:100, Invitrogen, Amarillo, CA). In these experiments, cells transfected with HA-ZO-2 WT or the mutants HA-ZO-2 S261A and HA-ZO-2 T248A were identified employing the same rabbit antibody against HA followed by a secondary donkey IgG anti rabbit coupled to Alexa Fluor 488 (Cat. A21206, dilution 1:500, Life Technologies, Carlsbad, CA) ( Figure  11A ); and 7) a rabbit antibody against Flag (Cat. Sc-807, dilution 1:100, Santa Cruz Biotechnology, Dallas, TX) and a mouse antibody against HA (Cat 26183-D800, dilution 1:100, Life Technologies, Carlsbad, CA). In this experiment the cells transfected with HA-ZO-2 WT or the mutants HA-ZO-2 S261A and HA-ZO-2 T248A were identified employing the same rabbit antibody against HA followed by a secondary donkey IgG anti rabbit coupled to Alexa Fluor 488 (Cat. A21206, dilution 1:500, Life Technologies, Carlsbad, CA) ( Figure 11B ). in DMSO and used at a final concentration of 6 μM. Ro-318220 (Cat. R136, Sigma Aldrich, St. Louis, MO) was prepared as a 5 mM stock in water and used at a final concentration of 25 nM. PKCε permeable inhibitor peptide εv1-2 (CFNGLLKIKI), kindly provided by Daria Mochly-Rosen (Stanford University, Stanford, CA), was dissolved in water as a stock at a concentration of 1 mM and used at a final concentration of 2 μM. Cycloheximide (Cat. 1810, Sigma Aldrich, St. Louis, MO) was prepared as 30 mM stock in water and used at a final concentration of 30 μM. MG132 (Cat. C2211, Sigma Aldrich, St. Louis, MO) was prepared as 30 mM stock in DMSO and used at a final concentration of 30 μM. Chloroquine (Cat. C6628, Sigma Aldrich, St. Louis, MO) was prepared as a 50 mM stock in water and used at a final concentration of 50 μM. Dynasore (Cat. D7693, Sigma Aldrich, St. Louis, MO) was prepared as a 40 mM stock in DMSO and used at a final concentration of 80 μM. WNK463 was a kind gift of Dario Alessi (University of Dundee, UK).
